Variation in reproductive capacity is common across the lives of all animals. In vertebrates, hypothalamic neurons that secrete GnRH are a primary mediator of such reproductive plasticity. Since social interactions suppress gonadal maturity in the African cichlid fish, Astatotilapia (Haplochromis) burtoni, we investigated whether the electrical properties of GnRH neurons were also socially regulated. Adult A. burtoni males are either territorial (T) and reproductively active or nonterritorial (NT) and reproductively regressed, depending upon their social environment. We compared the basic electrical properties of hypothalamic GnRH neurons from T and NT males using whole-cell electrophysiology in vitro. GnRH neurons were spontaneously active and exhibited several different activity patterns. A small fraction of neurons exhibited episodic activity patterns, which have been described in GnRH neurons from mammals. The type of activity pattern and spontaneous firing rate did not vary with reproductive capacity; however, several basic electrical properties were different. Neurons from T males were larger than those from NT males and had higher membrane capacitance and lower input resistance. In neurons from NT males, action potential duration was significantly longer and after-hyperpolarization characteristics were diminished, which led to a tendency for neurons from NT males to fire less rapidly in response to current injection. We predict this could serve to decrease GnRH release in NT males. These data are the first electrophysiological characterization of hypothalamic GnRH neurons in a nonmammalian species and provide evidence for several changes in electrical properties with reproductive state.
INTRODUCTION
Social influences on reproductive capacity have been identified in species ranging from insects to humans [e.g., 1, 2] . In vertebrates, interactions between conspecifics can either stimulate or suppress fertility by modulating the main reproductive control system, the hypothalamic-pituitary-gonadal (HPG) axis [3] [4] [5] . Hypothalamic GnRH neurons are at the apex of HPG axis control and hence are a prime site for regulation of reproductive physiology [6] [7] [8] [9] , including regulation by social cues [10, 11] .
Social encounters between adult males of the African cichlid fish Astatotilapia (formerly Haplochromis) burtoni induce specific changes in the structure and function of GnRH neurons, making this an excellent model for understanding the neural basis of alterations in reproductive capacity [12] [13] [14] . In their native habitat, A. burtoni males compete for a limited number of territories that provide them access to food and a refuge for mating [15, 16] . Consequently, adult A. burtoni males exist in one of two social states: territorial (T) or nonterritorial (NT). Successful T males defend territories, are brightly colored, act aggressively toward other males, and solicit and court females for spawning [13, 15] . In contrast, NT males, which cannot successfully compete for territories, are cryptically colored, school with females, and do not perform aggressive or courtship behaviors [13, 17] . The NT state results from social suppression. In the absence of competition, all males will develop into T males; however, in normal community settings, the development of most juvenile males into reproductively mature adults is suppressed as a result of aggressive attacks by larger T males [12, 17] . In addition, adult T males can be socially suppressed by encounters with larger males, causing them to revert to an NT state [13, 14] . In fact, depending upon the social environment, males can switch social status repeatedly during their lives [18] .
In addition to differences in behavior and appearance, the reproductive capacity of A. burtoni males is linked to their social state. Most overtly, T males have large gonads containing mature sperm, whereas NT males have small gonads containing mostly sperm precursors [13, 17] . Additionally, T males have higher levels of circulating androgens (unpublished data) [19] . These peripheral differences in the reproductive system are regulated by differences in GnRH neurons in the hypothalamus: GnRH neurons in T males are larger and synthesize more GnRH than those in NT males [12] [13] [14] . Each time a male changes social status, his HPG axis transforms to match his new social rank [13, 14] .
Given the dramatic plasticity in the size and hormone production of GnRH neurons in A. burtoni males, and the essential role of GnRH neurons in controlling the fate of the gonads, we wondered whether the functional output of A. burtoni GnRH neurons might also change with social and reproductive status. Specifically, since GnRH, like other neurohormones, is released via action potentials [20] , we hypothesized that there would be identifiable changes in the electrical properties of GnRH neurons of T and NT males related to differences in their HPG axis maturity. There is precedent for such a hypothesis, since in other neuroendocrine systems there are well-described changes in electrical properties with long-term changes in endocrine demands [e.g., 21] .
Although previous work has provided a good electrophysiological characterization of adult mammalian GnRH neurons [22] [23] [24] [25] , in fish the only GnRH neurons that have thus far been electrically characterized are a nonhypothalamic population located in the terminal nerve, which expresses a form of GnRH that does not act in the reproductive axis [26, 27] . To our knowledge, the electrical properties of hypothalamic GnRH neurons have not been described in any nonmammal. The goal of this study was to characterize the electrical properties of fish preoptic area GnRH neurons using whole-cell electrophysiology and to compare these properties in reproductive (T) and nonreproductive (NT) animals.
MATERIALS AND METHODS

Animals
Astatotilapia burtoni were bred in the laboratory from a population derived from wild-caught stock [15, 16] . All animals were treated in accordance with regulations of the Stanford University Administrative Panel on Laboratory Animal Care. Animals were maintained in aquaria (85 ϫ 56 ϫ 32 cm) in water treated to match their native environment (pH 8.0, 28ЊC). Aquaria received full-spectrum lighting (12L:12D) with an additional 10 min of ''twilight'' in morning and evening. Fish were fed each morning (Cichlid flakes and pellets; Aquadine, Healdsburg, CA). Animals were housed in communities containing 6-12 males and 6-12 females. All males were identified with individualized tags and observed at least once per week to determine their social status. Social status was determined by observation of body color patterns and the performance of state-specific behaviors, including the tendency to school or defend a territory [13, 15] . Body weight and standard length (nose to base of tail) were taken at the time they were killed. Gonads were removed and the gonadosomatic index was calculated (gonad weight/body weight ϫ 100) to characterize reproductive status.
Tissue Preparation
Two to three hours after the lights were turned on, fish were caught and quickly decapitated. Brains were removed and placed in ice-cold artificial cerebrospinal fluid (ACSF) saturated with 95% oxygen and 5% carbon dioxide to a final pH of 7.4. ACSF contained 127 mM sodium chloride, 1.9 mM potassium chloride, 1.2 mM monobasic potassium phosphate, 2.4 mM calcium chloride, 1.3 mM magnesium sulfate, 26 mM sodium bicarbonate, and 25 mM glucose and was adjusted to 315 mOsm. Two types of recording preparations were utilized: brain slice and whole brain in vitro. To prepare slices, the brain was dissected to remove meningeal layers, and the optic nerves, which in fish are completely crossed and enter the brain in one nerve bundle per hemisphere, were trimmed flush with the brain. The brain was then embedded in low-melting agarose composed of 4.25% NuSieve agarose (BioWittaker Molecular Applications, Rockland, ME) and 2.25% LMP agarose (Invitrogen, Carlsbad, CA) in ACSF. The agarose-brain block was affixed to a vibratome chamber with cyanoacrylate glue, and vibratome sections of 250 m were cut at an angle parallel to the ventral surface of the telencephalic lobes (see Fig.  1 ). Slices were then transferred into an incubation chamber containing icecold ACSF where they remained for at least 1 h while the bath solution slowly warmed to room temperature (23Њ-26ЊC). Before recording, slices were transferred to a recording chamber and were stabilized using a ''slice keeper'' (Warner Instruments, Hamden, CT). For recordings from the whole brain, the brain was removed and placed into ice-cold ACSF where it rested for at least 1 h. The brain was then pinned upside down in a Sylgard-filled recording chamber using thin stainless steel insect pins through the spinal cord, tectal lobes, anterior telencephalon, and optic nerves. Meningeal layers were removed for access to the tissue.
Electrophysiology
Tissue was continuously perfused with room-temperature ACSF saturated with 95% oxygen and 5% carbon dioxide. Cells were visualized using a 40ϫ immersion objective on an upright fixed-stage microscope (Axioscope; Carl Zeiss, Oberkochen, Germany) and an infrared camera (C2400, Hamamatsu, Shizuoka, Japan) connected to a monochrome monitor (Sony, New York, New York). Patch pipettes were pulled from thinwalled borosilicate glass capillaries (OD 1.5, ID 1.1; Sutter Instruments, Novato, CA) using a Flaming-Brown pipette puller (P-97; Sutter Instruments) to a bubble number of 5.4 [28] . The final electrode resistance was 8 M⍀. Intracellular electrode solution components were 130 mM potassium gluconate, 10 mM EGTA, 30 mM potassium hydroxide, 10 mM HEPES, 2 mM magnesium-ATP salt, 1 mM magnesium chloride, 1 mM sodium hydroxide; solution was pH 7.3 and was adjusted to 290-295 mOsm. To allow for post hoc identification of the cells, the intracellular solution also contained 5 mM neurobiotin tracer (Vector Laboratories, Burlingame, CA). Intracellular solution was filtered through a 0.2 m filter immediately before use. A liquid junction potential of 10 mV was calculated, and this value has been subtracted from reported recordings. Electrodes were positioned using a motorized micromanipulator (MP-225; Sutter Instruments). Whole-cell current-clamp recordings were obtained using the bridge mode of an amplifier (Axoclamp 2B; Axon Instruments, Union City, CA). Bridge balance was adjusted to compensate for any access resistance. Recordings were terminated if access resistance was larger than 20 M⍀ or changed substantially over time. Traces were amplified using a preamplifier (Brownlee Precision Instruments, San Jose, CA) and then digitized at 10 kHz (Digidata 1200; Axon Instruments) and captured on a computer using acquisition software (pClamp 8 and 9; Axon Instruments).
Cell Targeting and Verification of Cell Identity
Neurons were targeted for recording based on their anatomical location and their size relative to other adjacent neurons. In fish, GnRH neurons are clustered in a distinct nucleus, the magnocellular portion of the anterior parvocellular preoptic nucleus (aPPn) [29] , an anatomy quite unlike their diffuse distribution across several nuclei in tetrapods [12, 29, 30] . GnRH neurons are the only large neuroendocrine cells in this area, and in both T and NT brains they are substantially larger than neighboring cells such as glia and interneurons. In our slice preparation (see Fig. 1 ), GnRH neurons were clustered within several hundred microns of the medial edge of the telencephalic lobe, and the population was bordered by the preoptichypophysial tract on the lateral edge and by the anterior commissure more rostrally.
In both brain slices and the whole brain preparation, the anatomy of the aPPn was easily distinguished and the prominent GnRH neurons were readily identified. However, to verify that recorded cells were indeed GnRH neurons, cells were labeled with neurobiotin tracer (see above) during recording and the tissue was processed for GnRH immunohistochemistry. Cells were dye-filled after the investigation of basic properties was complete using 500 ms pulses of 50 pA of positive current at 1 Hz for approximately 5 min. Slices were fixed for 1-2 h in 4% paraformaldehyde in PBS, and whole brains were fixed overnight at 4ЊC. Slices were then washed in PBS and stored in PBS at 4ЊC until immunohistochemistry was performed (up to 2 wk). Whole brains were embedded in agarose and sliced at 250 m on a vibratome before processing. GnRH neurons were identified using a primary antibody raised against mammalian GnRH (H. Urbanski, Oregon Health Sciences University, Portland, OR). This antibody (HU4H) has been determined to have low cross-reactivity with the form of GnRH found in the terminal nerve of fishes (H. Urbanski, personal communication). Immunohistochemistry was performed on free-floating sections with steps as follows: tissue was incubated for at least 2 h in PBT buffer (PBS containing 0.2% BSA and 0.1% Triton-X) containing 10% normal goat serum (Pel-Freez, Rogers, AR); incubated overnight at 4ЊC in primary anti-GnRH antibody diluted 1000-fold in PBT with 10% normal goat serum; washed four times for at least 15 min each in PBT buffer; incubated for at least 2 h in a secondary antibody mix containing avidinTexas red and anti-mouse fluorescein each diluted 1:500 in PBT or PBS (both secondary antibodies from Vector Laboratories); washed several times in PBS; and coverslipped (Fluoromount G mounting media; Southern Biotechnology Association, Birmingham, AL). We used a standard fluorescence microscope (Axioscope; Zeiss) to determine whether neurobiotin-filled neurons contained GnRH immunoreactivity. Images of neurobiotin and GnRH signals were captured using a camera attached to a computer (SPOT camera; Diagnostic Instruments, Sterling Heights, MI). An example of a GnRH-positive, neurobiotin-filled neuron is shown in Figure 1 . During the optimization of the recording procedure and subsequent experimental recordings included in this report, 101 neurons were filled with neurobiotin, and 93 (92%) of these were GnRH positive. Most of the cells that lacked GnRH immunoreactivity were located more deeply within slices, suggesting that antibody penetration may have been limited in these particular cells (data not shown). This high rate of successful identification led us to be confident in our ability to identify GnRH neurons using anatomical criteria, and therefore we included some cells in our analysis that we were not able to positively identify immunohistochemically for various reasons (e.g., cell not effectively labeled with neurobiotin, tissue lost or damaged during immunohistochemistry; see below for sample size), but which in every other way resembled GnRH neurons (e.g., anatomy and electrical properties). Of the 33 neurons that reached our electrical criteria (see below), eight (NT, 2; T, 6) were not immuno-identified. No electrical properties were significantly different as a function of whether or not the cell had been immunoidentified (data not shown).
To examine differences in cell size as a function of social status, we determined the cross-sectional area for each filled cell by measuring the neurobiotin-filled cell body profile (NIH Image; NIH, Bethesda, MD) [12, 13] .
Analysis of Electrical Properties
An array of basic electrical properties was measured in order to characterize the properties of A. burtoni GnRH neurons. Neurons included for analysis had overshooting action potentials greater than 65 mV (baseline to peak) and a resting membrane potential (RMP) more negative than Ϫ50 mV that did not vary substantially (Ͻ5 mV) throughout the recording. These criteria were chosen because they provided a quantitative way to select neurons that qualitatively appeared to be electrically healthy and intact. Thirty-three neurons (NT, 13; T, 20) reached these criteria and were included in this analysis (see Results). For consistency, spontaneous firing rate was measured within the first 20 sec of whole-cell penetration and is designated ''initial'' firing rate. Action potential parameters (duration, height, rise time, and decay time) were averaged from traces of spontaneous activity (event detection search parameters, Clampfit 9; Axon Instruments). Cells that were silent (n ϭ 3; see Results) were injected with small amounts of positive current to induce action potentials for analysis. Action potential duration was determined at half-height measured from baseline (RMP) to peak. The peak depth of the after-hyperpolarization (AHP) and the time of the AHP peak were determined from the same traces of spontaneous activity (event detection search parameters, Clampfit 9; Axon Instruments). The threshold was the potential at which the first derivative of the voltage trace was increasing by 1 V/sec.
Evoked membrane properties were determined from a series of current steps. Cells were presented with 500 ms current steps of 10 pA from Ϫ50 to ϩ50 pA and/or 50 pA steps from Ϫ250 to ϩ250 pA, depending on input resistance. In order to compare passive and evoked properties between cells, we compared a set membrane potential change (approximately 20 mV from rest) instead of a given current step because neurons had varied input resistances depending upon cell size (see Results). The input resistance and membrane time constant were determined using a hyperpolarizing current step, that caused an approximately 20 mV change in potential. The membrane time constant was determined by fitting a single exponential to the charging curve (Clampfit; Axon Instruments). The discharge was not used because some cells displayed a rebound spike following hyperpolarization. Total membrane capacitance was calculated using the equation ϭ RC, where ϭ time constant, R ϭ resistance, and C ϭ capacitation. Evoked firing properties including interspike interval and accommodation were measured by comparing spiking in response to positive current steps that would increase the membrane potential by 20 mV based on input resistance. Percent accommodation was the percent increase in interspike interval for the last two spikes in a train compared with the first two spikes. The amount of ''sag'' in the voltage curve, which reflects rectification, was measured for 500 ms current steps, that caused hyperpolarization to approximately Ϫ80 and Ϫ100 mV and was the voltage change at the end of the step divided by the peak voltage change (ϫ100).
Data Analyses
All data in the text are reported as means Ϯ standard deviation, and data in graphs are plotted as mean Ϯ standard error of the mean. Data from 27 cells (NT, 9; T, 18) from the slice preparation and six cells (NT, 4; T, 2) recorded in the whole brain preparation are included here. Statistical comparisons were performed using SPSS analysis software (SPSS, Chicago, IL). Data were analyzed using a two-way ANOVA with preparation (whole brain or slice) and social status (T or NT) as factors. There were few significant differences due to preparation (firing rate; see Results), so data from both preparations were pooled for reported means from T and NT males. A chi-square test was used to analyze categorical data.
RESULTS
Data reported here include 13 neurons from 10 NT males and 20 neurons from 16 T males. As expected from previous work, NT males had significantly smaller gonadosomatic indices than T males (NT, 0.23 Ϯ 0.11; T, 0.57 Ϯ 0.13; F 1,24 ϭ 44.5; P Ͻ 0.0001), confirming that their HPG axes were regressed [12, 13, 17] . In addition, the crosssectional area of GnRH neurons was smaller in NT males than in T males (see Table 1 ; F 1,21 ϭ 10.7; P Ͻ 0.01), and this difference was independent of body size (ANCOVA with body length: F 1,20 ϭ 7.9; P Ͻ 0.01).
RMP and Spontaneous Firing Properties
The average RMP of all GnRH neurons was Ϫ60 Ϯ 4 mV and did not differ in neurons from T and NT males (NT, Ϫ60 Ϯ 4 mV; T, Ϫ60 Ϯ 4 mV; P Ͼ 0.5).
In both T and NT males, most GnRH neurons were spontaneously active and exhibited one of several distinct firing patterns (see Fig. 2 ). Three neurons (NT, 2 of 13; T, 1 of 20) did not fire spontaneous action potentials for the entire recording session, up to 30 min, but did fire in response to positive current injection. Of spontaneously firing neurons, the majority displayed an irregular spiking pattern (NT, 9 of 11; T, 17 of 19), whereas the remainder showed regular spiking consisting of evenly spaced action potentials (NT, 2 of 11; T, 2 of 19). Some irregularly spiking neurons displayed semi-patterned activity consisting of clusters of action potentials (see Fig. 2, A5 and A6 ). These neurons are described in more detail below. The proportion of cells with different firing patterns did not differ as a function of reproductive status (P Ͼ 0.4). The type of firing pattern was not attributable to the resting membrane potential (P Ͼ 0.5).
Many neurons displayed oscillations in membrane po- tential underlying the spontaneous generation of action potentials (see Fig. 2A4 ). Membrane oscillations were usually only apparent when they did not reach the threshold for action potential generation. These oscillations appeared to be intrinsically generated as judged by the fact that pulledoff patches retained the ability to exhibit oscillations (data not shown). The initial spontaneous firing rate was quite variable across cells and both within and across individual animals and did not differ as a function of social status (T, 1.1 Ϯ 1.2 Hz; NT, 2.2 Ϯ 1.9; P Ͼ 0.2). However, there was a difference in initial spontaneous firing rate as a function of experimental preparation (slice vs. whole brain), with cells in the whole brain demonstrating significantly lower firing rates than cells recorded in slices (whole brain [n ϭ 6], 0.45 Ϯ 0.56 Hz; slice [n ϭ 27], 1.76 Ϯ 1.66 Hz; F 1,29 ϭ 6.4; P Ͻ 0.02).
Phasic Firing
Since GnRH neurons in mammals have been reported to exhibit episodic firing patterns [31, 32] , we examined the spontaneous activity over long time periods (up to 30 min). Most neurons appeared to fire more or less continuously, with little change in average firing rate over time. However, a small fraction (3 of 20, 15%) of neurons from T males showed phasic activity patterns on a variety of timescales, with periods of silence from 10 sec to 3 min between firing episodes (Fig. 3) . These neurons had membrane oscillations of approximately 5 mV underlying action potential generation. Since such neurons were encountered only rarely, they were not examined in detail.
Action Potential Properties
Typical action potential profiles are shown in Figure 2 . In all neurons, action potentials were followed by an AHP.
In a subset of neurons from both T and NT males (NT, 4 of 13, 31%; T, 7 of 20, 35%), the AHP appeared distinctly biphasic or ''notched'' (see Fig. 2B3 ). Specifically, action potentials in such neurons appeared to be followed by a brief, fast AHP; a slight depolarization; and a second slow AHP (Fig. 2B3) . Cells that displayed the notched AHP profile generated an interesting spontaneous firing pattern consisting of spikes clustered in doublets and occasionally triplets (see Fig. 2, A5 and A6) .
Properties of spontaneously generated action potentials were analyzed and compared as a function of social status (Table 2) . Action potentials recorded from neurons in NT males were significantly longer in duration than those recorded from T males (F 1,29 ϭ 8.06; P Ͻ 0.01; Table 2 ; Fig.  4) . The difference in duration was not explainable by spike height (ANCOVA with action potential height, F 1,28 ϭ 5.7; P Ͻ 0.02). Action potential height and relative threshold were not significantly different as a function of reproductive state.
We investigated whether the difference in action potential duration as a function of reproductive state was characterized by differences in the depolarization or repolarization phase of the action potential. Although rise time was similar in neurons from T and NT males (P Ͼ 0.5), there was a significant difference in decay time (F 1,29 ϭ 8.5; P Ͻ 0.01). In addition, the AHP was reduced in neurons from NT males both in amplitude (F 1,19 ϭ 9.6; P Ͻ 0.01) and time to peak (F 1,19 ϭ 11.3; P Ͻ 0.01). Neurons that exhibited a biphasic AHP were not included in the analysis of AHP properties because their AHP was significantly different from nonnotched cells (data not shown).
Response to Negative Current Injection
GnRH neurons responded to increasingly negative current steps with approximately linear increases in voltage (see Fig. 5 ). The voltage response to negative 500 ms cur- rent steps that caused a 20 mV change in membrane potential was used to calculate the total membrane capacitance and input resistance (see Fig. 5 and Table 1 ). Neurons from T males showed a smaller voltage change in response to the same magnitude current step when compared with neurons from NT males (i.e., they had a significantly lower input resistance; F 1,29 ϭ 6.9; P Ͻ 0.02; Table 1 ). In addition, neurons from T males had larger membrane capacitance on average than those from NT males (Table 1 ; F 1,29 ϭ 11.2; P Ͻ 0.01). These differences likely reflect the distinct average cell sizes of neurons from T and NT males (see above and Table 1 ). Capacitance and cell cross-sectional area were highly correlated ( Fig. 6 ; r ϭ 0.676; P Ͻ 0.01; n ϭ 25). Cell input resistance is related to surface area and volume, as well as to currently active conductances; thus it is not simply linearly related to cross-sectional area. Nevertheless, cell size and input resistance were significantly correlated ( Fig. 6 ; r ϭ Ϫ0.488; P ϭ 0.013; n ϭ 25).
A subset of neurons displayed rebound excitation following hyperpolarization, reflected by the tendency to fire an action potential after a hyperpolarizing current step (e.g., Fig. 5A ). The proportion displaying rebound action potentials did not differ as a function of reproductive status (NT, 7 of 13; T, 8 of 20; P Ͼ 0.40).
With steps to potentials below approximately Ϫ100 mV, a small amount of inward rectification was evident in voltage traces from neurons from both T and NT males (data not shown). We compared the voltage change near the end of a 500 ms current pulse to the peak voltage change caused by a step to approximately Ϫ100 mV. For steps to Ϫ100 mV, the peak was 96.6% Ϯ 1.8% (T males, n ϭ 10) or 96.8% Ϯ 1.3% (NT males, n ϭ 7), whereas the rectification was less evident in steps to Ϫ80 mV, and the percent change was 99.0% Ϯ 0.7% (T males, n ϭ 16) or 99.1% Ϯ 0.8% (NT males, n ϭ 13).
Evoked Firing Properties
We presented neurons with 500 ms positive current steps to determine repetitive firing properties (Fig. 7) . As described above, neurons from NT males had higher input resistance than those from T males. Therefore, in neurons from NT males the same magnitude of current injection caused a higher frequency of evoked spikes on average than those from T males (Fig. 7) . To control for these differences in input resistance, we analyzed the evoked firing of neurons in response to a current change that would cause an approximately 20 mV change in membrane potential.
Fish GnRH neurons showed limited spike frequency accommodation: neurons fired more or less continuously in response to positive current injections (see Fig. 7 ). We de-FIG. 5. Response of T and NT GnRH neurons to negative current injection. Both cells were injected with 500 ms negative current steps of 10 pA from Ϫ10 to Ϫ50 pA as shown in (C). A) Response to current injection for a neuron from a T male with an input resistance of 340 M⍀. B) Response to current injection for neuron from an NT male with an input resistance of 650 M⍀. These neurons had input resistances near the mean of their respective group (see Table 1 ). Note that this neuron from a T male showed a post-hyperpolarization rebound spike; however, the presence of such rebound depolarization was found equally often in neurons from T and NT males (see Results). D) Mean (Ϯ SEM) current-voltage relationship for the population of neurons from T and NT males presented with the above current steps. Neurons from T males are shown in filled squares (n ϭ 15), and neurons from NT males are shown in unfilled circles (n ϭ 10). The resting potential has been plotted as 0 current injection. termined the extent of accommodation by measuring the percent increase in the interspike interval across the spike train, which did not differ as a function of reproductive state: T (n ϭ 13), 11% Ϯ 3%; NT (n ϭ 8), 13% Ϯ 7%; P Ͼ 0.5.
We also compared the number of action potentials evoked by positive current injection and the time between spikes in these trains in neurons from T and NT males. There was a tendency for neurons from NT males to have 
DISCUSSION
This report provides the first electrophysiological characterization of hypothalamic GnRH neurons in any nonmammalian species. We compared the basic electrical properties as a function of reproductive state and identified several changes that corresponded to differences in fertility. Here, we will compare fish GnRH neurons with those from mammals and discuss potential implications of the electrical differences we observed between reproductive and nonreproductive males.
Comparison of Fish GnRH Neurons With Those of Mammals
A typical signature of the electrical activity of GnRH neurons has not yet emerged from electrophysiological experiments in mammals. Because GnRH and the gonadotropins are released episodically [33] [34] [35] [36] [37] , it was predicted that the activity patterns of GnRH neurons might reflect this pulsatility. In fact, three different types of activity patterns have been described from in vitro recordings of adult mammalian GnRH neurons: 1) episodic activity at timescales similar to that of pulsatile release. One study reported that
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FIG. 7. Evoked firing properties.
A) The response of typical neurons from T and NT males to increasing 500 ms current pulses from ϩ10 to ϩ50 pA is shown from bottom to top. The input resistance was 430 M⍀ for the neuron from a T male and 750 M⍀ for the neuron from an NT male. B) Mean (Ϯ SEM) frequency of spikes evoked by a 500 ms current injection for all neurons from T and NT males presented with the above range of current pulses. Neurons from T males are shown in filled squares (n ϭ 12), and those from NT males are shown in unfilled circles (n ϭ 10).
71% of recorded neurons showed periods of quiescence up to 30 min between firing episodes [31] , whereas another described modulation of firing rate on long timescales [32] ; 2) episodic activity occurring on timescales much shorter than pulsatile release. Several reports describe a subset of GnRH cells that fire in bursts, or clusters of two or more spikes at intervals ranging from 1 to 10 sec [32; 27%, 38; 93%, 39]; and 3) continuous activity, or no description of phasic activity [22] [23] [24] .
Since gonadotropins are also released episodically in fish [40] [41] [42] [43] , we examined whether the spontaneous activity of A. burtoni GnRH neurons showed any reflection of pulsatility. The activity patterns we recorded fell primarily into the last two categories described above: episodic activity on short timescales or continuous firing. Most fish GnRH neurons fired more or less continuously (see Fig. 2) . A subset of neurons from T males (15%) exhibited evidence of phasic activity patterns (see Fig. 3) ; however, this phasic activity was not on timescales predicted to underlie reproductive hormone release in fish [41] [42] [43] . Some neurons had spikes with a biphasic AHP that caused an interesting pattern of activity consisting of clusters of spikes in doublets or occasionally triplets (see Fig. 2 ), a pattern reminiscent of high-frequency clustering activity described in mouse neurons [32, 38, 44] .
Although we did not see many overt examples of episodic activity, most fish GnRH neurons exhibited electrical activity suggestive of a capacity for episodic firing. First, a subset of neurons exhibited a biphasic AHP (see Fig. 2 ), consisting in part of a slow AHP, which resembled a slow AHP mediated by a calcium-activated potassium current [45, 46] . Calcium-activated potassium currents are known to regulate aspects of episodic firing in some neurons [45] . However, we did not see spike-frequency adaptation (see Fig. 7 ), which is often associated with the presence of a type of calcium-activated potassium channel (SK channels) [46] . Thus, whether calcium-activated potassium currents are present (and which types) in fish GnRH neurons remains to be determined. Whatever the cause, neurons with a biphasic AHP exhibited an interesting episodic firing pattern (see Fig. 2 ). Second, a subset of neurons demonstrated rebound depolarization following hyperpolarization (see Fig. 5 ). This type of activity can be generated by T-or Hcurrents, which are involved in burst generation and have been identified in mammalian GnRH neurons [23, [47] [48] [49] . Finally, most neurons showed membrane oscillations (see Fig. 2 ) similar to those described in mouse GnRH neurons, which are thought to be important in generating high-frequency bursts [38, 44] . In addition, membrane oscillations are critical to pacemaking in nonhypothalamic GnRH neurons recorded from the terminal nerve of fish [26] .
Variation of Electrical Properties With Reproductive State
We identified a difference in action potential repolarization in GnRH neurons as a function of reproductive capacity. Action potential duration was longer in neurons from NT males, which are reproductively regressed, and their AHP was delayed and less negative when compared with neurons from T males, which are reproductively active (see Fig. 4) . A less substantial AHP in neurons from NT males would remove inactivation from fewer numbers of potassium and sodium channels, which would lead to an increased time to the next spike. Indeed, neurons from NT males tended to have longer interspike intervals during evoked firing episodes. The lesser AHP and longer duration action potential in neurons from NT males could thus serve to limit their maximum firing rate. In many types of neuroendocrine cells, secretion is achieved by bursts of action potentials, which synergistically increase the efficacy of release [50] [51] [52] [53] [54] [55] . If bursts play a similar role in GnRH neurons, a limited maximum firing rate in neurons from NT males would likely decrease the efficiency of GnRH release and cause a decreased amount of GnRH released per burst.
We found that action potential decay, but not rise, characteristics differed in neurons from T and NT males. This, together with evidence of a reduced AHP, leads us to hypothesize that this difference is due to changes in a potassium conductance, because potassium generally mediates action potential repolarization and the AHP [45] . We have not investigated what specific potassium conductance might underlie the differences in action potential repolarization in fish GnRH neurons; however, several types of potassium channels have been described in GnRH neurons from female mice and guinea pigs, including A-type [23, 56] ; de-layed rectifier [23, 56] ; and inwardly rectifying potassium channels [23, 57] . Some of these potassium channels have been identified as a target of steroid hormone modulation [56, 58] . This is of particular interest because T and NT males have differences in circulating levels of sex steroids and stress hormones [19, 59] . Previous work has shown that androgens influence GnRH cell size in T males [19] . Additionally, cortisol has been proposed as a mediator of reproductive differences in A. burtoni, because NT males have higher levels of cortisol than T males [59] . It will be interesting to determine which types of potassium channel(s) might be regulated as a function of reproductive state in A. burtoni and if they are modulated by steroid hormones such as testosterone and cortisol.
Other electrical properties that varied with reproductive state were changes in input resistance and membrane capacitance. These differences were related to distinct average cell sizes in T and NT males. Specifically, larger neurons from T males had larger membrane capacitance and lower input resistance compared with smaller neurons from NT males. The reason for changes in cell size in these two populations is not clear. However, changes in cell size have been noted in other neuroendocrine systems in both fish [60] [61] [62] and mammals [63] , and cell hypertrophy is a common feature of peripheral endocrine systems (e.g., thyroid and adrenal glands). It may be that there are restrictions on synthesis and packaging as a function of size for such secretory cells. Whatever the cause, changes in cell size have important consequences for an excitable cell. Specifically, for a given synaptic input, neurons in T males that have lower input resistance and larger capacitance will be more difficult to influence electrically, and thus will tend to be more electrically isolated. Future work in A. burtoni may consider the impact of differences in capacitance and input resistance on the efficacy of synaptic communication and the response to neurotransmitter application as a function of reproductive state to determine whether GnRH neurons in T males are indeed more electrically isolated. If so, and if this translates into physiology in vivo, how can this be reconciled with the clear evidence of functional upregulation in the HPG axis downstream of GnRH neurons in T males? One possible explanation is that an ongoing rhythm that was intrinsically generated would be less likely to be affected by synaptic influences in these larger neurons. Therefore, if GnRH pulsatility was generated endogenously within GnRH neurons, reducing the impact of external synaptic influences may be an advantageous by-product of increasing cell size. The question of whether GnRH pulsatility is an endogenous property of GnRH neurons has intrigued GnRH neurobiologists since the earliest inquiries into the GnRH system [reviewed in 20] , and recent work in the mouse has begun to elucidate that aspects of pulsatility may indeed be generated endogenously [reviewed in 44] .
Aside from changes in action potential properties and electrical properties related to cell size, most electrical characteristics of GnRH neurons from T and NT males were maintained despite dramatic differences in reproductive capacity between these male types. For instance, there were no obvious changes in spontaneous firing rates or patterns as a function of reproductive state. Because our recordings were performed in vitro and therefore outside of the normal hormonal milieu, which differs between T and NT males, some of this lack of difference may be attributable to hormonal differences that exist in vivo that were not replicated in our experimental preparation. Additionally, as in any whole-cell recording paradigm, important intracellular components may have been washed away during recording, which is a concern because G-protein cascades are thought to be an important player in the generation of GnRH pulsatility in mice [44, 64] . Despite these caveats, however, it is likely that some of the electrical similarities we described as a function of reproductive state are a true reflection of GnRH biology. For example, GnRH neurons showing activity suggestive of the presence of conductances involved in episodic firing were found equally in T and NT brains. In concordance with these results, evidence suggests that the modulation of the GnRH system during reproductive transitions is not achieved by the differential expression of pulsatility, but instead the frequency of pulses, and in some cases pulse amplitude, is varied [65, 66] . Similar changes in hormone patterns have also been reported across reproductive cycles in fish [42, 43] . Therefore, because the pulsatile nature of the activity is not predicted to change, the underlying conductances should remain fundamentally similar as a function of reproductive state. Accordingly, results from mice are similar to those we report from fish: there are few differences in GnRH neuron electrophysiology across the estrous cycle of mice, with a notable exception of action potential duration [23] .
In summary, this work has provided the first electrical characterization of GnRH neurons in a male animal across reproductive states and in any nonmammalian species. GnRH neurons are essential for reproduction in all vertebrates, and the conservation or divergence of their electrical properties revealed by a comparative analysis will provide important insight into their function. For instance, our results suggest that fish are similar to mammals in that few changes in the basic electrical properties are noted in different reproductive states. This is an important contribution to the emerging story about the function of these vital neuroendocrine cells.
